A B S T R A C T Dopamine is presenit in the carotid body and has been postulated to be an inhibitory neurotransmitter. The purpose of this study was to deternmine the effects of dopamine on ventilation in mlan anid to exanmine its mechanism of action. Dopaminie (0.5-10 pg/kg per min) was infused in eight nornmal meni at differenit levels of arterial chemoreceptor activity, produced by varying the inspired Po2. During normoxia dopamiinie produced a small decrease in minute ventilation (VE) and anl increase in arterial Pco,. Wheni arterial chemoreceptors were stimulated by hypoxia, infiusion of dopamine produced a marked initial depressioni of VE followed by a sustained although less pronounced decrease in VE. An increase in PA(-o2 and a decrease in Pao, were also observed. When arterial chemoreceptor activity was suppressed by hyperoxia, infusion of dopamine did not affect ventilation. Subjects also breathed a hyperearbic, hyperoxic gas mixture. The hyperearbia produces hyperventilation by stimulating central chemoreceptors, whereas the hyperoxia suppresses peripheral chemoreceptors. Dopamine did not alter ventilation while the subjects were breathing this gas mixture.
INTRODUCTION
The carotid body chemoreceptors are important regulators of ventilation in man (1) . Dopamine and other catecholamines have been found in the carotid body of man and animals (2-7) and it has been proposed that the reReceivedfor publicatiotn 27June 1977 acnd in revised form 30 September 1977. lease of dopamine in the carotid body may suppress the sensitivity of' the chemoreceptor nerve endinigs (8) (9) (10) (11) .
Physiologic studies of the function of dopamine in the carotid body have been performed in the cat anid dog. In the cat dopamine produces a decrease in carotid body neuiral output and a depression of ventilation (12, 13) . However, in the dog dopamine has been reported to stimulate ventilation (12, 14) . In light of'tthis species difference, it is importanit to determiinie the effect of dopamine on ventilation in manl. There are no studies that have examined the role of' dopamtinle in modulation of the arterial chemoreceptor reflex in miian.
The present experiments were done to test the hypothesis that dopamine inhibits the chemoreceptor reflex and depresses ventilation in man. We postulated that the depression of ventilation by dopaminie might be related to the level of chemoreceptor activity. Therefore, dopamine was infused intravenously while subjects breathed: room air; hypoxic gas mixtures, during which chemoreceptor activity is increased; and 100% oxygen, which suppresses arterial chemoreceptor activity (15) .
In addition, responses were observed while subjects breathed hypercarbic hyperoxic gas mixtures. Hypercarbia produces hyperventilation by stimulation of central medullary chemoreceptors (16) , and hyperoxia suippresses the activity of peripheral arterial chenmoreceptors (15) . We postulated that if the effect of dopamine were mediated through depression of the peripheral chemoreceptor reflex, the infuision of dopamine to subjects breathing this gas mixture would not alter ventilation. On the other hand, if the depressant ef'fect of dopamine were a nonspecific effect related to hyperventilation, inftusion of dopamine would depress ventilation.
We also attempted to determine whether alpha or beta adrenergic receptors contribute to .Millis, NMass.) for infusion of drugs. In three subjects another venous catheter was inserted for simultaneous infusion of phentolamine. A small polyethylene catheter was inserted percutaneously into the brachial artery. The catheter was connected to a pressure transducer for continuous recording of arterial pressure and to a syringe for obtaining blood samples. Heart rate was obtained from a cardiotachometer. Po2 and Pco2 of arterial blood were measured with an IL Ultramicro gas analyzer (Instrumentation Laboratory, Inc., Lexington, Mass.). The 02 electrode was calibrated at 0 and 84 mm Hg, and the CO2 electrode was calibrated at 35 and 70 mm Hg.
The subjects were studied while supine. They breathed through a one-way low resistance Douglas valve. Expired gas was measured in a Tissot spirometer which was adapted to allow continuous recording of volume. Percent CO2 of expired air was monitored continuously with a Beckman LB-1 CO2 analyzer (Beckman Instruments, Inc., Cedar Grove, N. J.). The gas removed by the CO2 analyzer was reintroduced into the expiratory line to avoid loss of volume.
Measurements were made before and during infusion of a "low dose" (0.5-2.5 ,ug/kg per min) and a "high dose" (5 ,ug/kg per min) of dopamine. Two subjects received an infusion of 10 utg/kg per min of dopamine. The order of infusion was low dose first in one-half of the subjects and high dose first in the other half of the subjects.
The infusions of dopamine were given while subjects breathed: (a) room air; (b) 10% oxygen in nitrogen; (c) 100% oxygen; and (d) 5% carbon dioxide in 95% oxygen. The order ofthe four gas mixtures were randomized, and 10-20 min were allowed for recovery between each test period. The hypocapnia produced by breathing 10% oxygen was prevented by adding carbon dioxide to the inspired gas as described (17) . After the flow rate of carbon dioxide was adjusted to maintain end-tidal CO2 at the control level, the rate was not altered during infusion of dopamine.
Before the measurements were made the subjects breathed the carbon dioxide in oxygen gas mixture for 10 min and the other gas mixtures for 4-5 min. The gas mixture was then continuously inhaled during the control measurements and during the infusion of the two doses of dopamine. Expired minute volume was then measured for 3 min and arterial blood gases were obtained in the middle of this period to provide control measurements. Dopamine was then infused for a total of 5 min while the subjects continued to breath the same gas mixture. During the first 2 min the maximum decrease in ventilation was determined from the slope of the line inscribed by the recording Tissot. Minute volume was then measured with the Tissot spirometer from the 3rd to 5th min of the infusion and averaged to give the "sustained" response of minute volume to dopamine infusion. This period from the 3rd to 5th min appears to be a steady-state response because there was no significant difference between minute volume measured at the 3rd, 4th, or 5th min. Arterial blood samples were obtained -4 min after the start of the infusion. After stopping the infusion of dopamine, 3 mmin were allowed for the druig effect to subside and then a second control measurement was made. The other dose of dopamine was theni infused and the response was measured as described above.
In five subjects 8 nmg of propranolol was injected intravenously in 5 min. This dose of propranolol blocks the ventilatory response to isoproterenol but does not chanige the ventilatory response to hypoxia (18) . After 5 min, subjects began breathing 10% oxygen (isocapnic hvpoxia wvas achieved as described above) and the response to dopamine was observed. In three other suibjects the response to dopamine dutring isocapnic hy,poxia was measured durinig an intravenous inifusioni of phentolamine tosylate at a dose of 0.5 mg/min. This dose of phentolamine blocks the decrease in ventilation pro(lueed 1) phenylephrine (18) .
Measurements during infusion of dopamine were compared to measurements taken during the immediately preceding control period with a paired t test. Responses to the different doses of dopamine were compared vith a tw o-factor analysis of varianice (19) .
RESULTS
Nornmoxia. Dopamine depressed ventilation while subjects breathed room air (Table I) . Minute ventilation decreased and arterial Pco2 increased during infusion of dopamine. During the control period, arterial Pao, was 92+3.5 mm Hg (mean+SE) and it decreased 10±2.9 and 7±3.8 mm Hg during low and high dose dopamine, respectively (P < 0.05 for each dose).
Mean arterial pressure was 89±1.5 mm Hg and did not change during either dose of dopamine. Heart rate was unchanged during low dose dopamine and increased from 60±2.8 beats/min during the control period to 69±1.5 beats/min with high dose dopamine (P < 0.05).
Normocapnic hypoxia. In subjects breathing 10% oxygen, Pao2 decreased to 40±2.4 mm Hg and minute volume increased almost tvofold as compared to normoxia. However, PaCO2 was maintained unchanged by addition of CO2 to the inspired gas mixture. Dopamine consistentlv depressed ventilation during hypoxia (Fig. 1, Table I ). During infusion of dopamine there was significant decrease in minute ventilation and increase in PaCO2. The early response to infusion of dopamine always exceeded the sustained decrease in ventilation. The maximum decrease in minute ventilation observed with infusion of 5 jig/kg per nmin of dopamine was significantly greater than that observed with doses of 0.5 and 1.0 ug/kg per nmin (P < 0.05).
Dopamine accentuated the degree of hypoxia, as a further reduction in Pao2 of 6±1.8 nmm Hg and .5±1.4 mm Hg was observed with infusion of lo-, and high dose dopamine, respectively (P < 0.05). There \vas no change in arterial pressuire with infusioni of clopamine.
Heart rate was 86±7.7 beats/miml during hypoxia, ancd did not change during low dose dopaminle, anid increased 4±1. 4 dopamine under these circumstances did not suppress ventilation. This observation indicates that the action of dopamine is not dependent primarily on a high level of ventilationi nor due to suppression of central chemoreceptors. This finding supports the conclusion that suppression of ventilation by dopamine is mediated through an action on the peripheral chemoreceptor reflex.
Stimulation of central dopamine receptors, by intracisternal injection of apomorphine (21) , depresses ventilation. The possibility that our findings are the result of a cenitral actioni of dopamine, perhaps on cenitral connectionis of the chemoreceptor reflex, should be considered. This possibility seems unlikely because the blood-brain barrier minimnizes the access of dopamine into the brain (22) . Furthermore, dopaminie did not alter the response of central chemoreceptors to hvpercapnia, which suggests that intravenously administered dopamine may not have important effects centrally. Nevertheless it seems appropriate to emphasize that, although these studies indicate that dopamine inhibits the chemoreceptor reflex, it is not possible to determine the precise locUs of action of dopamline.
Durinig the infusion of dopamine, a two-phase ventilatory response was observed. During the maximum suppressioni of ventilation produced by infusion of 5 gg/kg per min of dopamine in hypoxic subjects, venitilation decreased from about 14 liter/min to =8 liter/min. When chemoreceptor activity was minimal, dcurinig hvperoxia, the minute voltume was also about 8 liter/min. The depression of ventilation by dopamine to this level suggests that dopamine transiently abolished the increased peripheral chemoreceptor drive to ventilation durinig hypoxia. The second phase ofthe responise was observed durinig the 3rd-5th min of dopaminie inifusioni. Dturing this tinme the minute voltume Nvas lower than during the control period but higher than the levels observed dturing the transient maximum depression of ventilationi. The inicrease in venitilation from the level of maximiial suppression to the sustained level may be accounted for in part by the increase in PaCO2 w'ith increased central chemoreceptor drive to ventilationi. Dopamine stimtulates alpha, beta, and dopaminergic receptors (23) . The depressanit effect oni ventilation of low doses of dopamine was uinaltered after beta adren ergic receptor blockade. Infusion of phentolamiine, at a dose that blocks the cardiovascular and ventilatorv effects of phenylephrine (18), did not alter the ventilatory responise to infusioni of low doses of dopamiiine. However, high doses of alpha blockers may le re(Iuired to block alpha adreniergic receptors in chemoreceptors (10) , so that our studies do niot exclude the possibility that the effect of dopaminie is mediated throuigh alpha receptors. W\e did niot give agents Dopamine has been observed to stimulate ventilationi in manl (24) . Infusioni of dopamiine in two stubjects at doses of' 10 and 12 ug/kg per min produced an increase in ventilationi whereas four subjects who receive(ldoses ranging f'romll 5 to 8 ug/kg per min had nio change in ventilation (24) . Lower doses of dopamiine were not used anid responses were not observed duiring stimulationi of chemoreceptors by hypoxia. In our two subjects given an infusion of 10 gg/kg per mimi of dopaminie, ventilationi increased while they breathed room air and decrease(d only slightly during hypoxia. After beta receptor blockade, inf'usion of 10 ag/kg per min of dopamine to hypoxic subjects proclutced a depression of ventilationi similar to that observed at a dose of 5 Ag/kg per min of dopamine. The observation that ventilation is depressed by infusion of low doses and stimulated by high doses of dopamine suggests that the effects of dopamine on the chemoreceptor reflex may be mediated by more than one receptor. At low doses of dopamine, a depressant effect on the chemoreceptor reflex may be produced by stimulation of dopaminergic or alpha adrenergic receptors. At high doses of dopamine, stimulation of beta adrenergic receptors may increase ventilation (18) and mask the depressant effects observed at lower doses.
Arterial Po2 decreased in response to infusion of dopamine during normoxia and hypoxia. The decrease in Po2 was larger than that which would be expected from the degree of hypoventilation. From the alveolar gas equation (25) if the respiratory exchange ratio is assumiied to be 0.8, the increase in Pco2 which was observed would be expected to reduce P02 by 2-4.5 mm Hg; the observed decrease in Po2 was 5-10 mm Hg. It is possible that the decrease in P02 during infusion of dopamine is due in part to pulmonary vasodilation and shunting. Based on studies in patients with heart failure, it has been suggested that dopamine may open arteriovenous anastomoses, resulting in an increase in ventilation-perf'usion ine(uality (26) . Other studies suggest that the increase in pulmonary shunting is secondary to the increase in cardiac output, with a passive increase in blood flow to poorly ventilated regions of the lung (27) . Although pulmonary shunting has not been reported during infusion of dopamine in normal subjects, it may contribute to the decrease in P02 which we observed in response to dopaminie. We should point out that dopamine-induced shunting and hypoxia would increase ventilationi and tend to mask the depressant effect of' low doses of dopamiinie on the chemoreceptor reflex.
Therefore the magnitude of the effect of dopamine in inhibition of the cheimioreceptor reflex may be underestimated in the presenit studies.
Dopaminie has been observed to produce different effects on chemoreceptors in different species (12) .
In cats dopanmine depresses ventilation and decreases carotid chemoreceptor neural ouitptut (12, 13) . In dogs dopamine stimulates ventilation (12, 14) In a previous study we reported that norepinephrine and isoproterenol increase ventilation in humans through a beta adrenergic effect on the chemoreceptor reflex (18) . In contrast, results of this stud)y suggest that low doses of dopamine decrease ventilation through an effect on the chemoreceptor reflex.
it is possible that both neurotransmitters may7 be physiologically important modulators of chemoreceptor function and that they mediate a reciprocal function. A similar relationship between norepinephrine and dopamine has been proposed to exist in the central nervous system (29) .
